Beam-brace-CFT (concrete-filled tubular) column connections provide excellent performance in resisting seismic loads in highrisk areas. However, the load transmission mechanism of this type of connection still remains unclear, and there is a lack of study on it. erefore, in this paper, the mechanical behavior of beam-brace-CFT column (BBC) connections penetrated by gusset plates was evaluated through experiments and finite element analysis to resolve this issue. e failure modes, strength, stiffness, ductility, and energy dissipation of this type of connection were studied. Experiment results indicated that the gusset plates in BBC (beambrace-CFT) connections could effectively move the plastic hinge on beam away from the column face, reduce the strain concentration between the beam end and column face, and notably improve the hysteretic behavior; the plastic rotation was able to achieve at least 4% story drift angle before 20% strength degradation. Numerical studies were carried out and validated by experiment results, and then the influence of the weld length and strengthening methods were investigated; some improvement of design suggestions was proposed.
Introduction
For high-rise buildings, braced frame is a popular choice to resist the earthquake for its high lateral stiffness [1, 2] . Moreover, in braced frame systems, concrete-filled tubular (CFT) columns are also commonly used because of their favorable strength and stiffness; the concrete fill in CFT columns not only contributes stiffness and compressive strength but also restrains the steel tube from local buckling [3] [4] [5] . On the contrary, the steel tubes can be set as the shuttering of concrete so the labor cost could be decreased during the construction process. However, when connecting CFT columns to beams and braces together, several issues should not be ignored [6] [7] [8] [9] . For example, the connections should be capable to transfer all applied loads as expectation; the loads must be reasonably distributed in the steel tube and the concrete infill to ensure the composite action, and the connections must possess enough deformation ability to maintain the ductility of the whole structure.
Current design codes such as Eurocode 4 [10] , AISC Specification [11] , and CIDECT [12] provide different approaches to calculate the load distribution among the members associated with connections. One popular CFT column connection is using an internal diaphragm [13] and through diaphragm [14] [15] [16] which requires extra complete penetration welds around the perimeter of the tube at the beam-column intersection and the beam flange. e way that the diaphragm welded in the connection is too difficult, costly, and time consuming to be realized in practical engineering. Recently, a more convenient and economic BBC connection was studied by Macrae et al. [17] , Hassan et al. [18] , and Hu et al. [19] , in which the braces and beams are attached to a vertical gusset plate that penetrates through the circular CFT column, and the force transfers through friction and bearing mechanism at the bottom of the plate. e construction of penetrating gusset plates increases the resistance and ductility of connections, ensures the composite action, and restrains the interface slip within the CFT column between steel tubes and concrete infill. However, these researches did not focus on some significant seismic design issues on braced frame connections, such as the construction details of beams, gusset plates, and CFT columns.
Previous seismic record and numerical analysis data show that the secondary lateral force resisting capacity plays an important role in collapse resistance in low-ductility structures under seismic activity. During the earthquake in Northridge, lots of steel frame structures still stayed up, although their lateral resisting systems were damaged by seismic action, which owed to the inherent reserve capacity within structures.
is reserve capacity comes from the ductility of the joint, which is especially critical in the seismic design of moderate earthquake areas, and it should not be classified into the initial lateral resistance system [20] [21] [22] . Although this capacity would take function in the severe earthquake zone, it works better in low and moderate earthquake areas.
As mentioned above, beam-to-column connections which have certain flexural resistance in CBFs provide significant reserve capacity after the failure of the braces. But prior researches on the flexural behavior of concentrically braced frame (CBF) connections are limited to the studies of Kishiki et al. [23] and Stoakes and Fahnestock [21] . Moreover, despite the convenient and economical penetrated gusset plate connection employed in the BBC-CBF system, previous studies have only focused on the composite action between steel tube and concrete and dampers itself, ignoring the influence of other structural components such as the gusset plate in the connection. e aim of this research is to investigate the cyclic performance of beam-to-CFT connection with gusset plates by experimental and numerical simulations to study its failure modes, hysteresis characteristics, ductility, and energy dissipation. ese connections are designed to reduce concentration of stresses at the steel connection near the weld around the CFT column, to help the force transfer between the beam and the column to be more smoothly, and to improve the overall ductility of these connections. In this research, representative tests have been carried out to study the seismic performance of connections.
Test Program

Test Specimens and Experimental Test Setup.
Five test specimens were designed in the research by using the same type of hot-rolled beams (HM194 × 150 × 6 × 9 and steel grade Q235) connected to medium-high round steel tubes (d � 273, t � 8, and steel Q235). e bending moment in the connection area is formed by applying vertical loads to the beam tip by using an MTS hydraulic loading jack. e section size of the beam and column corresponds to the fullsize member in the frame structure, and the criterion of the strong column with the weak beam was considered in the design. e ends of the beam and column in the test device correspond to the inflection point of the deformation curves of actual structural members, which can be simulated by setting the pin boundary condition at both ends of the test members. In order to prevent the unexpected out-of-plane deformation of the specimens, transverse braces were installed near the top and bottom beam flange. e details of the five specimens are illustrated in Figures 1 and 2, and the configuration information is summarized in Table 1 . e specimen SJ-1 was used to assess the performance of connection without the gusset plate and set as the control group, in which the beam web directly penetrated through the CFT column and the root fillet weld at beam was located on both sides of the top and bottom flanges. Specimen SJ-2 was designed on the basis of the specimen SJ-1, but two extra gusset plates were welded to the beam flange and column wall through double-side fillet welds, aiming at investigating the influence of gusset plates. For specimen SJ-3, a gusset plate was penetrated through the CFT column and inserted to the beam slot by fillet welds, and the root of slotted beam flange was connected to the column wall like the specimen SJ-1, the beam web, and the gusset plate was connected by butt welds. For specimen SJ-4, the fillet weld between the beam flange and column face was removed. e gap between the beam flange and column wall was 20 mm in SJ-5 according to SJ-4. e connection zone of the five specimens was all attached with strain gauges, and the position of the strain gauges was basically the same as that of the specimen SJ-3, and several locations of the specimens were cleaned and dried to prepare for the installation of strain gauges, as illustrated in Figure 3 .
Generally, the section size was controlled by the ultimate capacity of the MTS loading system. During the cyclic loading until 0.01 rad, the specimens were designed to stay in relatively elastic stage. Q235B steel was used in steel beams, columns, and gusset plates. Test samples for testing the material properties of steel were obtained from the same groups of plates and tubes as specimens'. e coupon test results are summarized in Table 2 . Figure 4 , the MTS loading device was mounted between the reaction steel frame and the beam tip and consisted of a 500 kN hydraulic actuator with a 200 mm equal stroke for both upward and downward directions. e displacement (δ 1 ) was measured by both a built-in displacement transducer of the hydraulic actuator and an external LVDT (linear variable differential transformer) named No.1, and the beam rotation (θ b ) was represented by δ 1 /l b . Two displacement transducers (Nos. 2 and 3) were installed to measure the column rotation according to the layout in Figure 5 .
Instrumentation. As shown in
Test Procedure.
e beam-column connection specimens were tested under the cyclic loading sequence recommended by ANSI/AISC-341-16 [11] . e loading procedure consisted of ten stages. e displacement and the number of cycles at each stage are shown in Figure 6 . e displacement of the first three stages is 0.375%, 0.5%, and 0.75% of story drift, for 6 cycles in each stage. e rest of seven loading stages started with 1% of story drift, two cycles for each stage. e successive drift was increased by 0.5% from stage 4 to stage 6 and by 1% from stage 6 to stage 10. A quasi-static loading was applied in a displacement-controlled mode in a relatively low rate to record the deformation of the whole process during the specimens subjected to load cycles. Advances in Civil Engineering
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Test Observation
Failure Modes
3.1.1. Specimen SJ-1. e exural yield of the beam rst appears at the beam ange in the rst cycle of the 1% story drift angle; when the rotation reached 1.5% story drift angle, there was a further yielding occurring in the beam ange. It can also be observed that a slight aking of yellow paint in the beam ange near the beam end. During the last cycles of 1.5% story drift angle, some visible microcracks were initiated inside the llet weld between the beam ange and column wall. As load increased, the paint of outer surface of the beam ange was completely peeled o during the last cycles of 2% story drift angle of the test, and the low-cycle fatigue crack became more extensive. e test on SJ-1 was terminated at the rst cycle of 4% story drift angle due to complete crack in llet welds and extension to the column web. At the end of the test, there was no obvious local buckling at the beam ange or web. e test specimen during the 4% story drift angle is depicted in Figure 7 (a).
Specimen SJ-2.
Before the rst cycle of stage 4, specimen SJ-2 remained elastic, and the yellow paint at the outer surface of the beam ange near the exterior edge of the gusset plate aked slightly. During the 3% and 4% story drift cycles, it can be observed that initial buckling was spread in the beam ange, as seen in Figure 7 (b). When the cycles of 4% to 5% story drift angle were reached, the local buckling of the upper and lower beam anges appeared and the beam web also started buckling.
ereafter, a minor crack occurred in the llet weld between the gusset plate and beam ange. When the load cycles reached the end of 0.06 rad, there was a large local buckling appearing at the beam Advances in Civil Engineering compression ange. Finally, the test was terminated during the cycles of 6% story drift angle due to the sudden fracture of the beam ange or the failure of welds due to excessive deformations, along with the crack in the llet weld spreading to the beam end. Figure 7 (b) depicts specimen SJ-2 at 6% story drift angle.
Specimens SJ-3, SJ-4, and SJ-5.
e behavior of the last three specimens was similar, rst yielding appeared in the beam ange, followed by paints aking. A slight buckling was found in the beam ange during the cycles of 3% story drift. With the cycles to 4% story drift, severe buckling with large displacement could be seen at the beam ange, and a microcrack was initially at the beam ange near the gusset plate, as shown in Figures 7(c)-7(e). Finally, the specimens failed by a trans xion fracture in the beam ange and beam web at the story drifts of 5%. Figure 8 , the letter C means strain reading in the CFT column along the column height, and the letter P represents the strain reading in the gusset plate and beam web along the vertical direction of specimens. Beyond that, the di erent vertical loads at the beam end are expressed in the numbers contained in C-30 and P-60. e outer surface of the tension beam ange is set as the coordinate axis origin. Obviously, the value of the strain gauge at the tension zone of the column would be positive.
Strain Reading. As shown in
For better comparison, the strain reading would be multiplied by negative one. Figure 8 (a) illustrated that an earlier yield occurred in the steel tube around the weld of the beam web through the connection. No yielding was found in SJ-2 when the applied load was 65 kN. When the beam end loads were 100 kN, both the steel tube and the web enter the yield in SJ-2, and the stress on the steel tube is greater than that on the gusset plate. However, both SJ-3 and SJ-4 did not yield, which indicates that the penetrable gusset plate can relieve the stress concentration in the connection between the column and the beam, but the beam web is yielding in SJ-5 due to the shorter weld length between the beam ange and gusset plate.
Discussion of Test Results
Moment-Rotation Curves.
In order to better analyze the data collected in the experiments from di erent specimens, the de nition of the yield moment (M y ), the maximum moment (M u ), and the ultimate moment (M f ) are illustrated in Figure 9 , and M f is the bending moment corresponding to the reduction of the bending moment resistance of the connection to 0.85M u . e hysteretic curves of the specimens represented by the moment at column face versus story drift angle were obtained by dividing the total load cell displacement by the distance from the center of the load cell to the column centreline, as illustrated in Figure 10 . e speci cation ANSI/AISC-341-16 [11] suggests that the composite special moment frame proposes a requirement that story drift angle should not be less than 0.04 rad.
In addition, the calculated exural moment resistance of connection determined at column face should equal at least 0.8 nominal plastic moment resistance (M bp ) of the beam at story drift angle of 0.04 rad in the composite special moment frame. e story drift angles of specimens at di erent stages are summarized in Table 3 . Specimens SJ-2 and SJ-3 achieved a total story drift for at least 0.05 rad with maximum 15% strength degradation, while SJ-4 and SJ-5 achieved at least 0.04 total story drift. erefore, all the gusset plate connections meet the requirements of the ANSI/AISC-341-16 [11] which accepts maximum 20% strength degradation until 0.04 rad story drifts for qualifying a connection for special moment resisting frames.
As illustrated in Figure 11 , the bending moment at the location of the plastic hinge revealed that the connection with gusset plates had bearing moment that was 1.18 to 1.25 times larger than M bp in the gusset plate connection, respectively. Considering the strain hardening e ect, the bending moment at the plastic hinge of specimens should be larger than the theoretical value M bp . e speci cation ANSI/AISC-341-16 [11] suggests an overstrength factor of 1.1R y 1.21 to calculate the actual bending moment considering the strain hardening phenomenon. As previously discussed, this method can closely estimate the ultimate bending moment at the plastic hinge. And, the experimental results of bending moment at the plastic hinge is close to the method suggested by ANSI/AISC-341-16 [11] ; therefore, it can be applied in the practical design of this type of connections.
Connection Rigidity.
As suggested by CEN-1993-1-8 [24] , the connection rigidity and strength can be classi ed based on their characteristic of their moment-rotation curves; on the perspective of connection rigidity, a joint can be evaluated as nominally pinned, rigid, or semirigid by its initial rotational sti ness (S j.ini ) according to the boundaries suggested by EC3 part 1.8: a joint is nominally pinned if S j.ini ≥ 00.5EI/L, where E, I, and L are elasticity modulus, second moment of area, and the length of the steel beam, respectively. A rigid joint satis es S j.ini ≥ k b EI/L, k b 25EI/L for nonbraced frame and k b 8EI/L for braced frame. In terms of strength, the minimum required connection resistance for partial-strength design is 0.25M bp and the fullstrength connection resistance is beyond M bp . Two parameters are introduced to, respectively, normalize the moment and rotation of the connection to facilitate analysis and comparison of data collected in the experiments. e de nition of the two parameters is as follows:
For the aforementioned connection classi ed method, the analysis results of test joint connection with di erent types are shown in Figures 10 and 12. It indicates that the test joints with the gusset plate could be regarded as a rigid and full-strength connection in the braced frame; it also could be considered as semirigid with a full-strength connection in the nonbraced frame.
Ductility.
e ductility of specimens is de ned as the ability of elastic-plastic deformation of specimens without obvious reduction of bearing capacity. In order to de ne the ductility of the joint in this study, the ductility ratio (μ) is calculated by equation (2), where θ y is the story drift angle when joint yielding θ u is the story drift angle corresponding to the bending moment resistance of the connection reduced to 0.85M max . Although this evaluation method may underestimate the ductility of the connection to a certain extent, it is still reliable and effective to compare the ductility among specimens. e comparison of the ductility ratios is summarized in Table 4 . 
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Ultrasonic testing was used to test the quality of the weld in the connection area before the test, and the quality of the weld is not fully guaranteed, for defects are inevitable in the welds, which leads to brittleness of joints. Nonductile cracking or tearing affects the ductility of joint, which further affects the seismic performance of specimens. Another important point worth noting is that weld failure was found in SJ-1 with a lowest ductility ratio (μ � 2.91) due to the fillet welds applied between the beam flange and column wall instead of using complete joint penetration groove welds. e ductility ratio of specimens with the gusset plate (SJ-2 and SJ-3) has greatest ductility ratios, as a result of additional force transferring path provided by the gusset plate. All the shear force and moment in specimens SJ-4 and SJ-5 were transferred by the gusset plate alone; consequently, stress concentration would be more serious that led to premature fracture around welds and weak cross section.
According to the Chinese Building Seismic Design Code GB50011-2010 [25] , which specifies the elastic story drift angle limit value [θ e ] and the elastic-plastic interlayer story drift angle limit value [θ p ] in the multilayer and high-steel structures are [θ e ] � 1/250 and [θ p ] � 1/50. As can be seen from the results in Table 4 , almost all of the test specimens meet the requirements for deformation checks under seismic loading.
Energy Dissipation.
e energy absorption (dissipation) capability is one of the key points to evaluate the seismic performance of a structure, and the total energy dissipation capacity is defined as the envelope area of the hysteretic curve, which indicates the energy dissipation capacity. Equivalent viscous damping (EVD) is one of the three key parameters evaluating the energy dissipation capacity of connection components. e method to calculate EVD is defined in Figure 13 (a). In equation (3), S ABC and S CDA refer to the upper half and lower half areas of the hysteresis curve, respectively. S OBE and S ODF represent corresponding triangular areas:
(3) Figure 13 (c) describes the changes of EVDs of the four specimens with increasing story drift angle; at the drift level of 0.04 rad, the values of EVD for all tested specimens with the gusset plate were above 0.4, which indicates good energy dissipation capacity of all specimens.
Another two properties are the energy dissipated in each step (E i ) and accumulated energy dissipation (E t ). Figures 13(b)-13(d) show E i and E t of the five specimens; the accumulated energy dissipations of the specimens with the gusset plate at failure varied between 50 kJ and 70 kJ. For the three specimens with penetrated gusset plate show similar responses at ultimate state; E t of specimen with the gusset plate at 0.03 rad was almost twice that of specimen SJ-1; therefore, the presence of the gusset plate could largely enhance energy dissipation behavior. However, in comparison with SJ-3 and SJ-4, the increase caused by weld between the column and beam flange was not obvious. It is worth noting that the overall performance of specimen SJ-2 possessed the largest accumulated energy dissipations.
Finite Element Analysis
General.
A finite element method (FEM) analysis model was established in ABAQUS to simulate specimens without gusset plate (SJ-1) and specimens with gusset plate (SJ-2, SJ-3, SJ-4, and SJ-5).
e FEM results were verified by the experimental dates. Further parametric analyses were conducted and accordingly some design suggestions were presented.
Material Modeling of Steel and Concrete.
e yield strength (f y ) and the ultimate strength (f u ) of steel were adopted for every actual tensile coupon test result, as summarized earlier in Table 1 . Poisson's ratio was assumed to be 0.3. e constitutive relationship of steel adopts the three-fold line model. In general, the concrete material can use the damage plastic model, but the damage plasticity model is not applicable to the CFT column. In order to consider the concrete restraint effect in CFT, the peak strain and transformation will be increased according to Han et al. [26] . e input stress-strain branch of the strain curve was modified, as shown in Figure 14 . Figure 15 , steel tubes, beam flanges, beam webs, gussets, and concrete were all meshed using 8-node linear brick incompatible mode components (C3D8I), which reduced integration and uses hourglass control, and structured mesh controls were used for all components. e general mesh size for the entire model is 13 mm, and there were at least three layers in the thickness direction. According to the previous study [9, 27] , by using this mesh size for numerical analysis, better calculation results can be obtained with lower computational cost. Surface-surface contact interaction was applied to simulate the interaction between steel and reinforced concrete by specifying the normal hard contact and tangential friction (with a friction coefficient of 0.6, in Coulomb friction model, maximum surface bond stress is 0.6 MPa). e interaction caused the concrete to separate from the steel tube after partial buckling of the steel tube, and the merge characteristics are used to simulate the interaction between the steel tube, the beam, and the gusset. e boundary conditions are completely similar to the actual boundary conditions of the specimen. In order to simulate the hinge constraint of the column end and the beam end, coupling constraints are generated at the end of the column and the beam to eliminate unrealistic stress and strain concentration. By limiting the out-of-plane motion of the upper and lower flanges of the beam to prevent overall instability, lateral constraint was provided at the beam flange at certain area during testing. Table 5 presents the FE analysis results in comparison with the test results, and the results of the FE analysis agree with the experimental behavior of the examined joints. Indeed, the plastic deformation mode identified during testing corresponds to the one observed in the FE model, and the response curves show good agreement in some ways of initial rotation stiffness (S ji ) and plastic moment (M p ) [27] . e strain and stress distributions for SJ-1, SJ-2, SJ-3, and SJ-4 are shown in Figure 10 . Plastic hinges formed in the beam are observed in simulation results which coincide with the failure modes found in test results.
Assessments of the Finite Element Models. In
Comparison of Tests and Numerical Analysis.
Weld Length.
In order to investigate the influence of the welding length of the beam flange to the gusset plate, on the basis of SJ-5, the welding length was modified in the simulation, and the welding lengths were 190 mm, 180 mm, 170 mm, 160 mm, 140 mm, 120 mm, and 100 mm. e numerical models were numbered sequentially as SJ5-W1∼SJ5-W7, and the specimen SJ5-W2 and the specimen SJ-5 were the same models.
As summarized in Table 6 , it could be found that extending the welding length of the flange and the joint plate in a certain range would help to improve the ultimate bending moment and the initial rotational stiffness of joints.
When the welding length of the beam flange and the joint plate reached the height of the section of the steel beam, the increase of the ultimate bending moment and initial stiffness is not obvious. erefore, the welding length between the gusset plate and beam flange should not be less than the height of the connected beam. 5.6. Strengthen Pattern. In order to avoid or delay the fracture of the steel beam, on the basis of specimen SJ-5, the connection area was strengthened by welding cover plate and web plate; as illustrated in Figure 16 , the strengthened model was named SJ5E. e specific size of the cover plate was 240 mm × 50 mm × 8 mm, and the web plate was 140 mm × 120 mm × 8 mm, and the ultimate failure modes and Mises stress distribution of the connections and beam end are presented in Figures 16 and 17 . By comparing the stress distribution of experimental specimens and 14 Advances in Civil Engineering strengthened models, the plastic hinge forming in the steel beam was moved to the edge of the cover plate and the web plate, away from the welding area of the steel beam and the joint plate, and the possibility of steel beam fracture at the weld may be reduced at the stress path of the beam end [28] . e initial rotational sti ness was signi cantly enhanced in strengthen models; meanwhile, the ultimate moment resistance was slightly improved.
Summary and Conclusion
is study involved an experiment to investigate the cyclic performance of the CFT column connection with penetrated gusset plate. e experiment and numerical analysis results presented herein support the following conclusions:
(1) e connection with a penetrated gusset plate effectively reduced stress and strain concentration at the weld between the column and beam and largely moves the plastic hinges away from the column face. In addition, it could signi cantly improve the ductility and energy dissipation capacity of the connection under cyclic loading, achieving a plastic rotation at least 4% total story drift and a maximum strength reduction of 15%. (2) e connection without the gusset plate failed due to fracture at the llet weld, and the penetrated beam web connection with additional gusset plate failed for an extreme plastic hinge in the beam. e fracture was found in the three penetrated gusset plate connections due to the slot and heat-a ected zone in the beam with large plastic deformation in the beam. (3) e experimental results of bending moment at the plastic hinge is close to the method suggested by ANSI/AISC-360-16 which adopts an overstrength factor of 1.1R y 1.21 to calculate the actual bending moment considered in the strain hardening phenomenon. (4) e welding length between the beam ange and penetrated gusset plate should not be less than the height of the connected beam. e specimen SJ-5 reinforced by additional cover plates and web plates will increase the sti ness and ultimate moment and properly enhance the ductility by moving the plastic hinge away from the slot and heat-a ected zone of the beam.
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